Novel Al 0.75 Ga 0.25 N/Al x Ga 1−x N/Al 0.75 Ga 0.25 N/AlN metal-oxide-semiconductor heterostructure field-effect transistors (MOS-HFETs) with symmetrically-graded widegap Al x Ga 1−x N channel (x = 0.75 → 0.25 → 0.75) grown on a SiC substrate are investigated. Al 2 O 3 was devised as the gate dielectric by using a non-vacuum ultrasonic spray pyrolysis deposition (USPD) technique. Device characteristics with respect to different etch depths of the source/drain recesses were studied. For a 2μm gate length (L G ), the present widegap V-shape-channel MOS-HFET has shown improved maximum drain-source current density (I DS,max ) of 299.3 A/mm at V DS = 20 V, I DS density at V GS = 0 V (I DSS0 ) of 153.9 mA/mm, on/off-current ratio (I on /I off ) of 1.4 × 10 7 , extrinsic transconductance (g m,max ) of 16.7 mS/mm, two-terminal off-state gate-drain breakdown voltage (BV GD ) of −379 V, and three-terminal on-state drain-source breakdown voltage (BV DS ) of 339 V. Besides, superior deep-UV sensing performance with high spectral responsivity (SR) of 1780 (810.2) A/W at wavelength λ = 250 (300) nm are also achieved. INDEX TERMS Al x Ga 1−x N, MOS-HFET, symmetrically-graded, widegap channel, Al 2 O 3 , non-vacuum ultrasonic spray pyrolysis deposition, spectral responsivity, deep-UV.
I. INTRODUCTION
Gan-based heterostructure field-effect transistors (HFETs) have been widely used due to their advantages of high speed, high power efficiency, and low switching loss [1] - [2] . Various device design approaches have been studied to increase drain current density, reduce gate leakage, and extend breakdown voltage, including uses of metal-oxide-gate (MOS-gate) [3] - [5] , fieldplate (FP) [6] - [8] , Schottky-source/drain [9] , and trench [10] structures. Different epitaxial structures have also been investigated, such as strain-induced polarization AlGaN/GaN heterostructure [11] , and lattice-matched, high polarization, and large conduction-band discontinuity ( E C ) InAlN/GaN heterostructure [12] - [13] , AlN substrate [14] - [15] . In order to meet the requirement of high-voltage power-switching applications, devices with widegap AlGaN channel have lately been studied [16] - [18] . The bandgap of AlN is 6.2 eV which is almost two times of GaN, while exhibiting comparable saturation velocity of 2.2 × 10 7 cm 2 /V-s. The critical electric field for breakdown in AlGaN can be devised from 3.3 MV/cm in GaN to 12 MV/cm in AlN. Higher Johnson's figure-of-merit (JFOM) [19] and Baliga's figure-of-merit (JFOM) [20] of AlGaN channel indicate the promising applications for high-voltage power switching device designs. Besides, the direct bandgap property of widegap AlGaN can also provide deep-UV sensing [11] - [21] capability. This work presents novel Al 2 O 3 -dielectric Al 0.75 Ga 0.25 N/Al x Ga 1−x N/Al 0.75 Ga 0.25 N/AlN MOS-HFET design with symmetrically-graded widegap Al x Ga 1−x N channel (x = 0.75 → 0.25 → 0.75) grown on a SiC substrate. The gate oxide was grown by using a costeffective non-vacuum ultrasonic spray pyrolysis deposition (USPD) [22] technique. As compared to other deposition techniques, the USPD has advantages of high deposition rate, room-temperature operation, and non-vacuum environment. Improved device characteristics with respect to different etching depths of source/drain recesses are investigated. High spectral responsivity (SR) and bias-dependent deep-UV sensing capability are also achieved for the present MOS-HFET design. Fig. 2 , has verified the devised symmetrically-graded AlGaN V-shape widegap channel.
II. MATERIAL GROWTH AND DEVICE FABRICATION
Standard photolithography and lift-off techniques were used for device fabrication [23] . All three samples were fabricated at the same time. Mesa etching was first conducted by using an inductively coupled-plasma reactive ion etcher (ICP-RIE). The etching barrier is 100-nm thick Ni layer. The mixed etching gases are BCl 3 and Cl 2 with flow rates of 10 sccm and 20 sccm, respectively. The power settings for ICP/RIE are 75/120 W. After the source/drain photolithography, different etching depths of 0 nm, 30 nm, and 20 nm were formed respectively for samples A-C before metallization. The dry etching rate is about 25 nm/min. Then, metal stacks of Ti (10 nm)/Al (50 nm)/Ni (10 nm)/Au (50 nm) were evaporated as the source/drain electrodes. The samples were annealed under 900 • C for 30 seconds to form ohmic contact by using a ULVAC MILA-5000 rapid thermal annealing (RTA) system. Before gate deposition, a 30-nm thick Al 2 O 3 layer was deposited on the Al 0.75 Ga 0.25 N barrier surface between the drain/source electrodes as the gate dielectric. Finally, Ni (100 nm)/Au (50 nm) metal stacks were evaporated as the gate electrode to complete the device fabrication. The gate dimensions are 2 × 100 μm 2 with gate-to-drain/source spacings of 6/2 μm for samples A-C. The studied devices were fabricated at the same time on separate samples. A control MOS-HFET device with same epitaxial structure, except for with an intrinsic Al 0.5 Ga 0.5 N channel was fabricated in comparison. The Al composition was set to be 0.5, which is equivalent to the Al content of the symmetrically-graded Al x Ga 1−x N (x = 0.75 → 0.25 → 0.75) channel in the present sample C. Fig. 6 shows the I DS, max characteristics as functions of V DS for sample C biased at V GS = 10 V at ambient temperatures of 300 K, 350 K, and 400 K, respectively. The I DS densities were observed with the ambient temperature. The corresponding I DS, max are 299.3 mA/mm, 312.7 mA/mm, and 343.6 mA/mm. It is mainly due to the increased 2DEG concentration due to enhanced thermal ionization of the devised channel doping. The dynamic turn-on resistance (R on ) was also characterized from Fig. 4 . Sample C has the lowest R on of 63 -mm, as compared to 112 -mm in sample A and 164 -mm in sample B. It is mainly due to the source/drain ohmic contact properties with respect to the different recess depths. The transfer length measurement [24] test structures were applied to characterize the contact resistances (R c ) for the studied devices. Fig. 7 shows the measured resistances at different transfer lengths of 5 μm, 10 μm, 15 μm, 20 μm, and 25 μm for samples A-C at 300 K. The specific contact resistivity (ρ c ) values for samples A-C were calculated to be 3.3 × 10 −2 -cm 2 , 2.7 × 10 −3 -cm 2 , and 9.9 × 10 −4 -cm 2 , with the approximated R c of 1.0 × 10 3mm, 4.1 × 10 2 -mm, and 2.3 × 10 2 -mm. Therefore, sample C with the recess depth of 20 nm has demonstrated the best source/drain ohmic contact property and optimum device performance. Hall measurement was performed under a magnetic field of 5000 G at 300 K. Sample C and the control sample have the comparable two-dimensional electron gas concentration (n 2DEG ) of 1.69 × 10 10 cm −2 and 1.64 × 10 10 cm −2 . Yet, much higher electron mobility (μ n ) of 168 cm 2 /V-s was obtained in sample C than 13 cm 2 /V-s in the control sample. It is mainly due to the design of symmetrically-graded Al x Ga 1−x N channel. The 2DEG was mainly confined at the bottom of the Vshape channel. The carrier transport was improved within the low Al-composition region. Higher μ n − n 2DEG product of 2.84 × 10 12 V −1 −s −1 has been obtained in sample C than 2.1 × 10 11 V −1 −s −1 in the control sample. Enhanced channel conductivity and current density are expected by the symmetrically-graded Al x Ga 1−x N channel design. The optimum I DS,max , I DSS0 , and g m,max performances at 300 K of the present MOS-HFET with V-shaped Al x Ga 1−x N widegap channel are 299.3 mA/mm, 153.9 mA/mm, and 16.7 mS/mm, which are also superior to 83.7 mA/mm, 53.3 mA/mm, and 3.7 mS/mm of the control MOS-HFET device under the same device fabrication process. The present sample C are also superior to other works of g m,max = 15 mS/mm at L G = 1µm [25] , I DS,max = 114 mA/mm at L G = 1µm [26] , and g m,max = 2.4 mS/mm and I DS,max = 13 mA/mm at L G = 9µm [27] . Fig. 8 shows three-terminal on-state drain-source breakdown voltage (BV DS ) characteristics at 300 K for sample C biased at V GS = −40 V. The inset shows its two-terminal off-state gate-drain breakdown voltage (BV GD ) characteristics at 300 K. BV DS and BV GD were determined as the corresponding I DS and I GD densities are equal to 1 mA/mm. Sample C has demonstrated superior BV DS of 339 V and BV GD of −379 V, as compared to 275 V and −375 V in other work [25] . The enhanced BV DS and BV GD performances are contributed by the MOS-gate and V-shape Al x Ga 1−x N channel designs. In addition to surface passivation by using USPD and enhanced gate insulation due to the widegap gate-oxide of Al 2 O 3 , the gate leakage was further suppressed by the increased energy barrier for thermionic emission of the 2DEG in the V-shape channel. Besides, as the 2DEG was pushed towards the buffer by the decreased V GS , the critic electric field for effective impact ionization was increased since the Al-ratio near buffer was higher than that at the center of the V-shape channel. Consequently, enhanced BV DS and BV GD are achieved.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Besides, wide and direct bandgap properties of AlGaN are suitable for deep-UV detection applications. High absorption efficient can be obtained, since it is insensitive to visible and infrared radiation. Figs. 9(a)-9(b) compare the typical I DS − V DS curves of sample C in the dark and under deep-UV illumination at wavelengths of 250 nm and 300 nm, respectively. The related bias-dependent SR performances of sample C biased at V DS = 20 V was also illustrated in Figs. 10(a)-10(b). Maximum SR was observed at V GS = 2.5 V for both UV radiations. The V GS bias for peak SR in sample C is identical to that for obtaining g m,max , as shown in Fig. 5 . The increased I DS densities under UV illumination were believed to be contributed by the device gain due to photovoltaic effect. The photo-generated excess carriers were stimulated by decreased potential barrier in the AlGaN channel. Similar phenomena were observed in other works [29] - [30] . The optical power for 250 (300)-nm deep-UV light source is 6.5 (14.7) μW. [31] , and other PDs [32] - [33] . Excellent SR was contributed by the device gain and noise immunity of the widegap AlGaN channel of the present design. 
IV. CONCLUSION
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